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PATTERN-ALIGNED CARBON NANOTUBE GROWTH 
AND TUNABLE RESONATOR APPARATUS 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

The U.S. Government has certain rights in this invention pursuant to grant No. NAS 
7-1407, awarded by the National Aeronautics and Space Administration, Office of Space 
Science. 

FIELD OF THE INVENTION 

The present invention is directed to the controlled growth of nanotubes, and more 
particularly to the pattern-aligned growth of carbon nanotubes for use as tunable high-Q 
resonators. 

BACKGROUND OF THE INVENTION 

Nanoscale structures are becoming increasingly important because they provide the 
basis for devices with dramatically reduced power and mass, while simultaneously having 
enhanced capabilities. 

For example, mechanical resonators have been of significant interest because such 
resonators can exhibit orders of magnitude higher quality factors (Q) than electronic 
resonators. Such low-loss resonators are important for communications and mechanical 
signal processing applications. However, practical mechanical resonators have typically used 
bulk acoustic wave (BAW) oscillators, such as quartz crystals; or surface acoustic wave 
(SAW) oscillators. These bulk-crystal-based oscillators tend to be bulky and difBciilt to 
inexpensively integrate with high firequency electronic circuits. As a result, there has. been a 
move towards Si-micromachined resonators, which can be monolithically integrated with 
conventional electronics. However, to date Si-based resonators have not been demonstrated 
at frequencies over 400 MHz, they suffer from reduced quality factors at higher frequencies, 
and they have limited tuning ranges. In . addition, it appears that practical transduction 
mechanisms for the readout of Si resonators will be problematic for Si oscillators operating at 
or near the GHz frequency regime. Finally, data suggests that Si resonators will have a small 
dynamic range. 

In contrast, nanoscale mechanical stmctures hold the potential to enable the fabrication of 
high-quality-factor (Q) mechanical resonators with high mechanical responsivity over a wide 
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dynamic range. Such devices can fom very low-loss, low-phase-noise oscillators for filters, 
local oscillators, and other signal processing applications. High-Q resonators are critical 
components in communications and radar systems, as well as in MEMS-based sensors such 
as a micro-gyroscope. The combination of high-Q with small force constants enabled by 
nanoscale resonators would also produce oscillators with exceptional force sensitivity. This 
sensitivity is important for a variety of force-detection-based sensors and may ultimately 
allow single molecule spectroscopy by NMR and optical techniques. (M.L. Roukes, SoUd- 
State Sensor and Actuator Workshop Proceedings, Hilton Head, SC, June 4-8, 2000, p. 367.) 
Such mechanical oscillators are also key components for mechanical signal processing, which 
is of great interest because smaU-scale, high-Q mechanical elements may theoretically enable 
processing at GHz rates with orders-of-magnitude lower power dissipation than conventional 
CMOS processors. 

Deq)ite the potential for these nanomedianical devices, the practical application of 
nanotube-based actuators and oscillators has been limited by the development of growth and 
processing methods for the control of nanotube placement and orientation. These techniques 
are critical for a wide variety of other nanotube applications including nanotube electronic 
systems. 

One novel approach to making nanometer-scale structures utilizes self-assembly of 
atoms and molecules to build up functional structures. In self-assembled processing, atom 
positions are determined by fundamental physical constraints such as bond lengths and 
angles, as weU as atom-to-atom interactions with other atoms in the vicinity of the site being 
occupied. Essentially, self-assembly uses the principles of synthetic chemistry and biology to 
grow complex structures ftom a set of basic feedstocks. Utilizing such techniques molecular 
motors have been syntiieticaUy produced containing fewer than 80 atoms. Chemical vapor 
deposition (CVD) appears to be the most suitable method for nanotube production for sensor 
and electronic applications. CVD uses a carbon-containing gas such as methane, which is 
decomposed at a hot substrate surface (typically 600-900C) coated with a thin catalyst fihn 
such as Ni or Co. However, most studies to date have produced disordered nanotube fihns. 

A notable exception is the work of Prof. Xu of Brown University who has developed 
a new technique for producing geometrically regular nanotube arrays with excellent 
uniformity in nanopore templates. Xu et al Appl. Phys. Lett.. 75. 367 (1999), incoiporated 
herein by reference. Post-patterning of these ordered arrays could be used to selectively 
remove tubes in certain areas or produce regions with different length tubes. A variety of 
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Other studies have shown that dense, but locally disordered arrays of normally-oriented 
nanotubes can be selectively grown on pre-pattemed catalyst layers. 

In addition, there has been little progress in the control of nanotube orientation in the 
plane parallel to the substrate surface. Many of the basic electrical measurements of 
nanotubes have been done using electrodes placed on randomly scattered tubes after growth, 
or by physically manipulating tubes into place with an atomic force microscope (AFM). Dai 
and co-workers have been able to demonstrate random in-plane growth between closely 
spaced catalyst pads, including growth over trenches, as well as a related technique to 
produce nanotubes suspended between Si posts. Dal Et aL, Science, 283, 512 (1999), 
incorporated herein by reference. In these cases individual nanotubes sometimes contact 
adjacent electrodes by chance, and excess tubes can be removed with an AFM tip. This type 
of procedure can be effective for simple electrical measurements, but considerable 
improvements will be required for production of more complex nanotube circuits. SmaUeys 
group has demonstrated a wet ch^istry-based method of control over nanotube placement 
using solution deposition on chemically fimctionalized substrates, although questions rmiain 
about nanotube length control and contact resistance. Smalley et ai. Nature, 391, 59 (1998), 
incorporated herein by reference. More recently, Han and co-workers have demonstrated a 
process for lateral growth of nanotubes between two electrodes, but with uncontrolled 
nanotube location and orientation in the plane of the substrate (Han et al., Journal of Applied 
Physics 90, 5731 (2001)). None of the current techniques have been able to grow vertical 
individual nanotubes or small groups of nanotubes in controlled locations with integrated 
electrodes, as would be necessary to form nanotube oscillators or actuators. 

In addition to the problems associated with controlled growth and orientation of 
nanotubes, nanotube actuators and oscillators also require a transduction mechanism to 
convert input signak to physical motion and to provide corresponding output signals. 

One possible electromechanical transduction mechanism is suggested by a recent 
demonstration that nanotube mats can serve as very high efficiency electromechanical 
actuators in an electrolyte solution, with the possibility of even better results for well-ordered 
single wall tubes. Baughman et al, Science, 284 1340 (1999), incorporated herein by 
reference. In brief, Baughman found that electronic charge injection into nanotubes results in 
a change in the length of the nanotubes. Conversely, it is expected that changing the length 
of a nanotube through an externally-applied force will result in the movement of charge on or 
off the tube, depending on whether the tube is stretched or compressed. However, this 
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technique has only been demonstrated for large disordered arrays of nanotubes, no technique 
has been developed for the controlled motion of mdividual nanotube resonators. Other 
potential actuation mechanisms include light-induced nanotube motion, which has been 
observed, and magnetomotive actuation (MX. Roukes, Solid-State Sensor and Actuator 
Workshop Proceedings, Hilton Head, SC, June 4-8, 2000, p. 367.). However, it is expected 
that light coupling to nanoscale-cross-section nanotubes will be inefficient, and 
magnetomotive actuation requires extremely high magnetic fields. 

Finally, there has been one report of high firequency resonator measurements on 
carbon nanotube bundles suspended over a trench in which Qs of around 1000 at 2 GHz were 
observed. However, the carbon bundle resonator required superconducting electrodes and 
low temperature measurement. 

There have also been a number of papers on using mechanical resonators as mass 
detectors via measurement of mass-induced resonant frequency shifts ("Mechanical resonant 
immunospecific biological detector", B. Hie, D. Czaplewski, H. G. Craighead, P. Neuzil, C. 
Campagnolo, and C. Batt, Appl. Phys. Lett. 77, 450 (2000); K.L. Ekinci, X.M.H. Huang, and 
M.L. Roukes, "Ultrasensitive Nanoelectromechanical Mass Detection*', preprint 6/6/2001 
submitted to Science). Roukes and co-workers even predict an uhimate mass sensitivity with 
nanomechanical resonators approaching a single Dalton, the mass of a hydrogen atom. 
However, to our knowledge, there have been no demonstrations of single molecule sensing 
using mechanical resonators. 

Accordingly, a need exists to develop nanoscale mechanical devices, such as, 
resonators to enable real-world applications ranging from molecular-scale characterization to 
ultra-low-loss mechanical filters and local oscillators for communications and radar, to rad- 
hard low-power mechanical signal processors. 

SUMMARY OF THE INVENTION 

The present invention is directed to a tunable nanomechanical resonator system 
comprising at least one suspended nanofeature, such as a nanotube, where the nanofeature is 
in signal communication with means for inducing a difference in charge density in the 
nanofeature (e.g. by applying a capacitively-coupled voltage bias) such that the resonant 
frequency of the nanofeature can be tuned by changing the tension across the nanofeature, 
and where the nanofeature is in signal communication with an RF bias such that resonant 
movement can be induced in the suspended portion of the nanofeature, forming a nanoscale 
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resonator, as well as a force sensor when operated in an inverse mode. The invention is also 
directed to growth techniques capable of producing a suspended nanofeature structure 
controllably positioned and oriented with integrated electrodes. 

In one embodiment, this invention utilizes a suspended nanotube with integrated 
electrodes on a substrate that functions as an electromechanical resonator. This invention is 
also directed to a device, which utilizes a suspended nanotube with integrated electrodes on a 
substrate that functions as a molecular sensor or a frequency spectrum analyzer. This 
invention is also directed to novel systems and methods for utilizing devices comprising at 
least one suspended nanotube with integrated electrodes on a substrate. 

In another alternative embodiment, the mechanical oscillation is produced by optical 
irradiation or capacative coupling. 

In still another embodiment, the invention is directed to suspended nanotube 
oscillators or resonators. The suspended nanotube oscillators may be utilized as high-Q 
mechanical resonators for filters, signal processing, and sensors. In such an embodiment, 
excitation and readout of a nanotube oscillator may be made using any suitable methods, 
including: charge injection, light, or electrostatic. 

In still yet another embodiment, the invention is directed to a system for the detection 
of substances or signal frequencies comprising multiple detectors as described above, such 
that parallel processing of molecules or signals can be carried out. 

In still yet another embodiment, the invention is directed to growth and processing 
techniques to control resonator location and orientation; and methods for positioning 
nanotubes during growth, including nanoscale patterning of the substrate to ensure that the 
growth of the nanotubes is located and aligned with the integrated electrodes. 

In still yet another embodiment the nanotubes comprising the resonators are self- 
assembled into resonators having a specified diameter and height suitable for use in the 
devices of the current invention. 

In still yet another embodiment, the substrate is made of a semiconductor such as, for 
example, oxidized silicon or aluminum oxide, coated with a metal catalyst film such as, for 
example, Ni or Co. In this embodiment, the silicon can be further doped to adjust the 
electronic properties of the substrate surface. 

In still yet another embodiment, the nanotubes comprising the resonators are self- 
assembled from an inert material such as, for example, carbon utilizing a carbon feedstock 
gas such as, for example, ethylene. 



5 



wo 02/080360 



PCT/US02/10202 



BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present invention will be better 
understood by reference to the following detailed description when considered in conjunction 
with the accompanying drawings wherein: 

FIG. 1 is a schematic view of an embodiment of a suspended nanotube resonator 
according to the invention. 

FIG. 2 is a schematic view of an embodiment of a suspended nanotube resonator in 
operation as an oscillator according to the invention. 

FIG. 3 is a schematic view of an embodiment of a suspended nanotube resonator in 
operation as a sensor according to the invention. 

FIG. 4 is a graphical representation of the C-C bond length variation of carbon 
nanotubes. 

FIG. 5 is a schematic view of an embodiment of a process for forming a suspended 
nanotube resonator according to the invention. 

FIG. 6a is a schematic view of an embodiment of a process for forming the electrodes 
for a suspended nanotube resonator according to the invention. 

FIG. 6b is a schematic view of an embodiment of the electrodes according to the 
invention. 

FIG. 7 is a schematic view of an altemative embodiment of a process for forming a 
suspended nanotube resonator according to the invention. 

FIG. 8 is a top schematic view of an embodiment of a process for orientuig a 
suspended nanotube resonator according to the invention. 

FIG. 9 is an SEM of the aligned growth of a carbon nanotube from the tip of an AFM. 
(J. Hafiier, C. Cheung, C. Lieber. J. Am. Chem. Soc. 121, 9750 (1999). 

FIG. 10a is a top schematic view of an embodhnent of the electrode and supporting 
structure for a suspended nanotube resonator according to the invention. 

FIG. 10b is a top schematic view of an altemative embodiment of the electrode and 
supporting structure for a suspended nanotube resonator according to the invention. 

FIG. 1 1 is a schematic view of an embodiment of a pair of suspended nanotube 
resonators according to the invention. 
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FIG. 12 is a schematic view of an embodiment of an array of suspended nanotube 
resonators according to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is directed to a tunable nanoscale resonator device and system 
comprising at least one suspended nanofeature, such as a nanotube, and means for inducing a 
charge in the tube (e.g. by biasing the tube via a capacitively coupled voltage bias) such that 
the resonant frequency of the nanoresonator can be tuned via the charge-driven length change 
of the nanofeature, and RF generating means for inducing a resonance in the nanotube, 
forming a nanoscale resonator, as well as a force sensor when operated in an inverse mode. 
These devices will be collectively referred to as nanoresonators herein. 

As shown in FIG. 1, in one embodiment the nanoresonator device 10 according to the 
mvention generally comprises a substrate 12, having first 14 and second 16 supports, a 
growth orienting structure 17, integrated first 18 and second 20 electrodes, and a catalyst spot 
21. The first and second supports being separated by a g^ 22, and an oscillatory resonating 
member 24, here comprising a suspended nanotube, arranged such that the nanotube 
originates fi-om the catalyst spot, is oriented by the growth orienting structure, and bridges the 
gap between the first 18 and second 20 electrodes of the substrate 12 such that a portion 26 of 
the nanotube is left suspended over the gap. In addition the nanoresonator device further 
comprises at least one tuning control 27 in signal communication with the oscillatory member 
24 for tuning the resonant frequency of the member, and an RF input 28 in signal 
conmiunication with the oscillatory member for inducing an oscillation. The RF input can be 
capacitively coupled via input 28, or coupled by direct application across electrodes 18 and 
20. 

Although a nanoresonator having a single nanotube rigidly fixed between two posts is 
shown in FIG. 1, it should be understood that any suitable nanoresonator capable of timed 
oscillation may be utilized. Regardless of the design, the nanoresonator device shown 
schematically in FIG. 1 has two basic modes of operation: an oscillator mode, shown in FIG. 
2 and a sensor mode shown in FIG. 3. As shown in FIG. 2, in the oscillator mode, the 
suspended nanotube 24 acts as a transducer, converting an input bias 28 into a mechanical 
oscillation 30. In this embodiment, two input voltages are used to control the fi-equency of 
the oscillation 30. First, because the tube length depends on injected charge, a bias from the 
tuning control source is capacitively coupled to the nanotube such that this bias can be used 
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to control the stress on the rigidly anchored nanotube 24, thereby allowing for the tunmg of 
the nanotube*s mechanical resonance frequency. Second, an additional RF bias applied at 
input 28, or.at one of the suppdrting electrodes 18 and 20, is then utilized to vary the length 
of the nanotube at the RF frequency, thereby producing an oscillating deflection of the 
suspended nanotube structure. 

As shown in FIG. 3, when the suspended nanotube 10 is operated in the inverse mode, 
subtle changes in the position of the suspended nanotube, i.e., a deflection 32 cause by an 
impinging molecule or an RF signal 33 will induce a voltage across the suspended nanotube 
producing an output signal 34 which can be measured by an external monitoring device 36 in 
signal communication with the electrodes 18 and 20 of the nanotube 10. In addition, the 
suspended nanotube resonator can act as a molecular detector when operating as an oscillator 
by measxiring shifts in the mechanical resonance frequency induced by attached molecules. 
Such a detector can be made to be chemically specific by fiinctionalizing the nanotube to 
attach to specific molecules. 

The charge induced motion and motion induced charge discussed above have 
previously been observed in random arrays of carbon bimoiph mats and in graphite sheets, 
see, e.g., R. Baughman, cited above, incorporated herein by reference. Data cited in this 
paper showing related results for graphite indicates the C-C bond length change versus 
charge variation given in FIG. 4. The graphite data is directly relevant to carbon nanotubes, 
because nanotubes are essentially "rolled up" graphite sheets. Although not to be bound by 
theory, it is believed that the nanotube length change is caused by "quantum chemical 
effects", that is, changes in orbital occupation and band structure result in changes in the C-C 
bond distances and thus the length of the nanotube. It should also be noted that the charge- 
induced transduction mechanism is symmetric, i.e., length changes in the nanotubes will 
induce charge transfers and hence voltages, providing a readout mechanism and/or positional 
sensor for both actuators and oscillators. Although the Baughman experiments were done in 
electrolytic solutions, it should be understood that no electrolytic solution is required so long 
as direct electrical contact is made with each nanotube. Alternatively, although the charge- 
induced actuation mechanisms shown in FIGs. 1 to 3 are only depicted in non-liquid 
environments, which are useful for high-Q resonator applications, it should be understood 
that the nanotube electromechanical transduction effect can be compatible with operation in 
liquids, such as for use in biological actuators. 
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Because the C-C bond length and therefore the overall tube length of the suspended 
nanotube depends on the injected charge, a capacatively coupled dc bias can be used to 
control the stress of the suspended tube. The graphite data cited by Baugfhman et al., as 
reproduced in FIG. 4 suggests that voltage biases of only a few volts can produce nanotube 
strains of approxunately 1 percent. In the device depicted in FIGs. 1 to 3, in which both ends 
of the nanotube are rigidly anchored, controlling the charge injection varies the stress on the 
tube and provides a straightforward method for tuning the mechanical resonant frequency, on 
the tube. 

Conversely, the oscillation of the nanotube will produce an oscillating.voltage signal 
proportional to amplitude giving a direct readout of vibration. Because the oscillator 
displacement is nil out of phase with the applied force at resonance, a phase sensitive 
measuroment , technique can be utilized to extract resonance curves and stabilize on the 
mechanical resonant frequency. In addition, because the nanotube transverse mechanical 
resonant frequency scales as diameter/(length)^, a range of nanotube lengths allows resonance 
frequencies to easily be varied over the entire UHF range. 

Any nanofeature suitable for use as an actuator/oscillator suspended nanotube may be 
utilized in the current invention. In a preferred embodiment, as shown in FIGs. 1 to 3 and 
discussed above, a suspended carbon nanotube is utilized. Carbon nanotubes possess a 
combination of properties that make them well suited for use as nano-resonators. For 
example, nanotubes combine a nanometer scale diameter with a large aspect ratio, good 
electrical conductivity, and elastic bending. Single-wall nanotubes also have a Young's 
modulus of approximately 1 TPa, which corresponds to strength/weight ratio approaching 
200 times that of steel. The combination of this higih Young's modulus and the ability to 
withstand large strains (-5%) suggests that SWNTs should also have very high breaking 
strengths. 

In addition, the natural rigidity and structural perfection of the nanotubes, discussed 
above, indicates that the suspended nanotube system according to the present invention 
should function as a high-Q mechanical resonator for many devices, such as, for example, 
filters, signal processors, and sensors. Since nanotubes naturally occur with nanoscale 
diameters, they are well suited for fabrication of oscillators with large aspect ratios and 
associated high responsivity. The lowest order resonant frequency for a nanotube cantilever 
is given by: 
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(1.875)' 1 /rr— rr Ie7 

where L is the length, D and Dj are the outer and inner diameters, Eb is the elastic 
modulus, and is the density (1 .33 g/cm^). For a cantilever with D = 10 nm, Dj = 8 nm, and 
100 nm in length, this formula predicts a resonant jfrequency of approximately 4 GHz. This 
frequency more than doubles for a nanotube oscillator fixed on both ends as proposed in the 
current invention. Note that since nanotube lengths can be varied over the range of 
approximately 10 nm to lOOjim, it is possible to control resonant frequencies over 8 orders of 
magnitude ^ 

Such nano-structures also exhibit extremely high quality factors, for example, Q 
values of mechanical oscillators range from 10^ to 10^ with values of 10^ to 10^ for 
nanoscale structures in vacuum. These Qs are much larger than typical quality factors for 
electronic resonant circuits, accordingly, mechanical resonators such as quartz crystal 
oscillators are used in communications systems. Because Q varies as 1/D, where D is the 
internal dissipation, high Q values correspond to low-loss system components. High quality 
factors also translate to exceptional oscillator stability and low phase noise. Such low-phase- 
noise local oscillators (LO) are critically important for narrow-bandwidth communications 
and sensitive doppler radars. For example, the LO phase noise sets the minimum detectable 
velocity for Doppler radar. In another embodiment, such high-Q oscillators could also be 
utilized as narrow-band, low-loss filters, and improve the stability and sensitivity of MEMS- 
based sensors such as a micro-gyroscope. 

Moreover, by moving to nanoscale mechanical structures, it is possible to combine 
higji Qs with high frequency operation and small force constants (high responsivity). 
Calculations indicate that Si mechanical oscillators with realistically achievable dimensions 
(0.1 x 0.01 X 0.01) have resonant frequencies of a few GHz. High resonant frequencies are 
important for producing mechanical signal processing components compatible with today's 
characteristic circuit clock rates. Resonators with nanoscale dimensions can achieve GHz 
resonant frequencies in stractures with reasonably large aspect ratios, which translates 
directly to small force constants. The combination of high-Q with small force constants 
enabled by nanoscale resonators results in oscillators with exceptional force sensitivity. 
Accordingly, in one embodiment the nano-resonator may be utilized in the inverse mode for a 
variety of force-detection-based sensors. 
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In general, excitation and readout of a suspended nanotube oscillator could be done 
using the actuation methods previously discussed: charge-induced transduction, light, or 
electrostatic. 

The signal monitor system for any of the above detection schemes can comprise any 
suitable circuit or device capable of measuring the signal change from the detector and 
transmitting that information to the user, such as, for example, a printed circuit board having 
a pre-amplifier, an AD converter and driver circuit, and a programmable chip for 
instrumentation specific software; or a multichip module comprising those elements. 

In another embodiment, the nanoscale oscillators discussed above may also be utilized 
in mechanical signal processing sj^tems. Mechanical signal processing is of great interest 
because small-scale, high-Q mechanical elements theoretically enable processing at GHz 
rates with up to six orders of magnitude lower power dissipation than conventional CMOS 
processors of comparable complexity. In addition, such devices would be radiation tolerant, 
an important property for space-based applications. For example, an oscillator array 
according to the invention containing elements with controUably varying resonant 
frequencies could be utilized for high-speed Fourier signal processing, mimicking the 
mechanical processing that occurs in mammalian ears. 

Although as discussed above, an oscillator geometry comprising a suspended 
nanotube resonator with electrical contacts to both ends of the nanotube is preferred, any 
suspended nanotube structures with an RF source capable of initiating an oscillation on the 
nanotube may be utilized. For example, systematic variations of critical geometric factors 
may include the nanotube lengths and electrode attachment. Moreover, while the 
embodiments shown thus &r described a single nanotube rigidly attached at two ends, the 
present invention could also function as an efrective oscillator using multiple tubes grown on 
a single electrode, such as in a cantilever design. Altematively, oscillators and force sensors 
with more than two electrodes are also possible. For example, any spacing or pattern of 
nanotubes and electrodes may be utilized such that at least a portion of the nanotube is free to 
vibrate, as shown in FIGs. 2 and 3, and such that the resonant frequency of the vibratable 
portion of the nanotube is tunable. 

Returning to the structure of the underlying suspended nanotube system 10, shown in 
FIGs. 1 to 3, it should be understood that the substrate 12 can be made of any material which 
can withstand the t^peratures required for growth of the nanotube 24 and which can be 
modified to provide a suitable nucleation point for orienting and growing the nanotube 24 
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between the two posts 14 and 16 of the nanomechanical device 10, such as, for example, 
metallized Si oxide wafers, alumina, or sapphire. In turn, any suitable electrode and 
catalyzing metal can be used for the electrodes 18 and 20 and to activate the nucleation point 
17 on the surface of the substrate 12, such as, for example, nickel or cobalt. Alternatively, 
the catalyzing metal could be an alloy of two or more metals such as a Co/Ni or Ti/Ni alloy. 
The metal catalysts could also be produced by pyrolysis of inorganic or organic metal- 
containing compounds, such as, for example, Ferric Nitrate or Cobalt Chloride. Accordingly, 
in the limit of sub-50 nm catalyst dots, it is possible to nucleate growth of a single nanotube 
24 at a catalyst location. Integrated electrodes 18 and 20 can be produced by combining the 
catalyst dots with non-catalytic electrodes. This ability to precisely locate and orient the 
growth of an individual nanotube and make electrical contact to the two ends of the tube 
provides the basis for fabrication of the suspended nanotube oscillator structure. Such a 
method may utilize an electron-beam lithography system. 

This patent is also directed to a novel *'pattem-aligned'* growth process for orienting 
the growth of the nanotube between the posts. Two alternative processes for forming the 
nanomechanical device of the present invention comprising a suspended nanotube resonator 
utilizing a chemical vapor deposition (CVD) technique are shown schematically in FIGs. 5 to 
7. In a first method, as shown in FIGs. 5 to 7, the in-plane nanotube growth is controlled by 
pre-patteming nanotube alignment structures into Si or Si-on-Insulator (SOI) wafers. 

The basic technique to construct the alignment structures, such as the in-plane pointed 
silicon cantilevers shown in FIG. 1, uses standard semiconductor processmg methods to 
construct a protruding cantilever from an undercut SOI layer on a Si substrate. To ensure 
proper growth the region of the cantilevers is coated with a thin catalyst film such as Ni, Co, 
or other metal-based mixtures or compounds to locally nucleate nanotube growth. The entire 
material is capped with a refi-actory metal such as sputter Mb for protection. 

As shown in one basic embodiment, (FIG. 5), a trilayer Si/SOI/Nb starting material is 
deposited utilizing a standard CVD method. A catalyst layer may be sputtered on top of the 
SOI layer at this point in either an undifferentiated layer followed by a liftoff step to pattern 
the catalyst (Step A); or the catalyst may be deposited in a pattem prior to the deposition of 
the cap layer using a suitable controlled method, such as BCP, photolithographic/ebeam, or 
annealing (Step B). The trilayer is then etched via a suitable etching technique (an RIE or 
wet etch for the Nb; a wet or dry etch for the catalyst; a dry or HF etch for the SOT) to define 
the post, or electrodes. (Step C) Once the necessary support structures are constructed, the 
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nanotubes are grown via self-assembly to bridge the gap between the two supports. (Step D). 
A process similar to this is described in detail in a paper by Han et al, J Appl. Phys. 90(1 1), 
573 1 (2001), which is incorporated herein by reference. 

Although one method of forming the electrode supports is described above, in an 
alternative method shown in FIGs. 6a and 6b, a combined optical and ebeam process is 
utilized to construct the electrode contacts. As shown in FIG. 6a, a structure of Ti/Pt is 
deposited prior to etching the trilayer material. This Ti/Pt structure serves as a mask for the 
dry etch of the Nb such that the Ti/Pt electrode structure remains in place after the etch to 
form two electrodes, as shown in FIG. 6b. 

An alternative method for foming the support structures for the current invention is 
shown in FIG. 7. As shown, this method uses a quad-layer material of Si/SOl/Si with a Nb 
cap layer. As before, the catalyst can be deposited and then lifted off to form a pattem, or 
deposited in a patterned geometry before capping the material. The only significant 
difference in the two techniques is the material the cantilever is made of and that in the 
method shown in FIG. 7, true undercutting of the cantilever is performed. (Step C). 

Regardless of the method utilized to form the supports and electrodes, a chemical 
vapor deposition process (CVD) is utilized to grow the nanotubes from the catalyst patterns. 
In one embodiment, the CVD process uses methane, ethylene, or carbon monoxide in pure 
form or in a mixture with hydrogen (or ammonia) and argon (or nitrogen) to produce 
nanotubes on a substrate heated to approximately 500-1000 C. (FIGs. 5 and 7: Step D) 

In conventional techniques, the nanotubes grown using such techniques tend to 
nucleate at random times and locations at the catalyst so that multiple tubes may grow out of 
the catalyst island. The key to the current technique is incoiporation of a growth aligning 
structure into the construction of the nanotube support. As illustrated in Figure 8, growing 
nanotubes tend to grow along the pattemed cantilever surface or edges due to attractive van 
der Waals forces. However, when a growing tube reaches a sharp discontinuity, or tip, it has 
a high probability of protruding because the strain energy cost of bending around the small- 
radius tip exceeds the van der Walls attraction. FIG. 9 shows a scanning electron microscope 
(SEM) image of the oriented growth of a carbon nanotube away from the tip of an AFM. (J. 
Hafiier, C. Cheung, C. Lieber, J. Am. Chem. Soc, 121, 9750 (1999)). 

Note that although the embodiment of the invention shown in FIG. 8, and discussed 
above has simple edges, in an altemative embodiment, this invention could include further 
patterns along the edges of the cantilever to direct some growing nanotubes away from the 
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cantilever tip. This process could be utilized to ensure that only a single nanotube protrudes 
from the end of the cantilever. In addition, any alternative cantilever design could be utilized 
such that the necessary energy required to reorient the carbon nanotube at the cantilever's tip 
would be sufiGcient to overcome the van der Waals force at the edges. Examples of some 
alternative cantilever designs are shown schematically in FIGs. 10a and 10b. 

Further, although only cantilever pattern-aligned growth methods are discussed 
above, it should be understood that any structure suitable for orienting the growth of carbon 
nanotubes could be utilized. For example, in another alternate process, narrow etched 
trenches in Si wafers could be utilized to preferentially align growing nanotubes due to 
enhanced van der Waals at the trench edges. 

In yet another process electric fields could be utilized to align the growth of the 
carbon nanotubes. In this case» the process would use pointed cantilever structures similar to 
those described above, but with integrated electrodes. A bias applied during growth would 
result in high local electric fields near the tip, which would align the nanotube growth 
between the cantilever end and an on-chip electrode located nearby. In such an embodiment, 
the bias circuitry would be designed to avoid destruction of the nanotubes as the electrode 
gap is bridged by the growing tube (e.g., by incorporating a large series resistor in the 
circuit). It will be understood that his technique may require adjusting the pressure and/or 
electrode spacing to avoid striking a discharge between the biased electrodes. Note that there 
has been a recent demonstration of electric-field-aligned nanotube growth between parallel 
linear electrodes (Y.Zhang et al., Applied Physics Letters 79, 3155 (2001)). However, in this 
case nucleation and growth of the nanotubes along the electrodes occurred at random 
locations and there were no orientation stmctures to confine the nanotubes to particular 
locations. 

Although these processes are only discussed for use in directing the growth of a 
nanotubes off the end of microfabricated cantilever to produce suspended nanotube bridges 
for application to a tunable nanotube resonator, this inventive alignment process could enable 
the fabrication of other nanotube-based devices which require alignment, such as transistors 
and memory elements. 

Further, although one method for the self-assembly of carbon nanotubes is described 
above, it should be understood that in order to incorporate the carbon nanotube oscillators on 
CMOS electronics it is necessary to provide carbon nanotube growth at temperatures 
compatible with processed CMOS circuits, i.e., below about 500 **C. Althougji any suitable 
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method of low temperature growth may be utilized, some exemplary methods include: 1) 
Murikami et al. (AppL Phys. Lett, 76(13). 1776 (2000)) method for growing aligned carbon 
nanotube arrays for field emission at <600 '^C using bias-enhanced microwave plasma CVD 
on patterned, nickel-based catalyst at 1-3 Torr; 2) Li et al. {Appl Phys. Lett., 79(11), 1670 
(2001)) method of unaligned nanotube growth on glass at 570 "^C using CVD at 100 Torr; 3) 
low temperature processes for growing carbon nanotubes on silicon {Choi et al, J, Vac. Scl 
Technol A, 18(4). 1864 (2000)): using 70 nm nickel fihns as a catalyst deposited on silicon 
substrates coated with TiN as an adhesion enhancement layer) and silicon dioxide {Lee et 
ai.Chem, Phys. Lett, 327. 277 (2000)) between 500-550 °C; 4) Zhang and lijima {Appl Phys, 
Lett.. 75(20), 3087 (1999)) method for growing single-walled carbon nanotubes at 400 C 
using laser ablation technique with powdered catalyst containing Ni-Co; and 5) Chen et al. {J. 
Cryst. Growth, 193, 342 (1998)) method of growing graphitic nanofibers on nickel substrates 
at 350-400 **C. All of which are incorporated herein by reference. 

While the self-assembled suspended nanotube resonators contemplated in the 
embodiments discussed so far have been constructed of suspended caibon nanotube 
resonators made from pyrolizing an ethylene feedstock over a substrate having an ordered 
array of nucleation points, the resonators can be of any shape and made by any process and 
fi-om any material suitable for making self-assembled tunable suspended resonators, such as, 
for example, spheres or pyramids made of other atomic materials or even biomolecules, such 
as, for example, proteins. In another embodiment, the resonators are further functionalized 
for a variety of applications, such as, for example, being made hydrophilic or hydrophobic, 
being charged either negatively or positively, or being derivatized with specific chemical 
groups, etc. In addition, aIthoug|h only an untreated caibon nanotube nanomechanical device 
have been shovm thus far, in situ sidewall treatments could alter the electrical properties of 
the nanotube, such as by increasing the charge differential induced by a given applied 
voltage. 

Finally, although the above discussion has focussed on the construction and structure 
of the suspended nanotube resonators, it should be understood that a nanomechanical device 
according to the invention may also include a body, a self-contained power supply, and any 
additional machinery or circuitry necessary for the device*s operation. For example, the body 
of the nanomechanical device itself can be made of any material suitable for micromachining 
utilizing standard lithographic or MEMS techniques to enclose the suspended nanotube 
resonator, such as, for example, aluminum oxide or silicon, bi a preferred embodiment, the 
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body further comprises a cap layer, which can be of any design, such that the cap layer 
protects the suspended nanotube resonator from unwanted contact with the external 
environment. Such a cap layer could be made of any suitable material, such as, for example, 
aluminum oxide or silicon. Such a cap layer could be formed by any conventional MEMS 
process, such as growth or deposition over a sacrificial layer (not shown) deposited to 
encapsulate the self-assembled suspended nanotube resonator wherein the sacrificial layer 
can subsequently be removed to expose the self-assembled suspended nanotube resonator 
itself Altematively, these support structures could be formed in a single deposition step with 
the self-assembled suspended nanotube resonator. In a more preferred embodiment, one of 
the substrate, the cap layer, or walls of the nanomechanical device is transparent such that an 
optical source can be used to interrogate or activate the suspended nanotube resonator. 

In another alternative embodiment, as shown schematically in FIGs. 11 and 12, the 
nanomechanical device may comprise an array of multiple suspended nanotube resonators 
aligned on a single substrate, and of either a single uniform length (FIG. 11) or of variable 
lengths (FIG. 12) such that multiple or parallel processing can be carried out at one time. In 
this embodiment, the suspended nanotube resonators can be integrated into a single circuit or 
detector, such as a fast RF spectrum analyzer. It should be understood that while arrays of 
suspended nanotube resonators are discussed above, any suitable alternative geometry of 
suspended nanotube resonators may be utilized. Such an embodiment could be used to 
develop a mobile suspended nanotube resonator detector device on a chip for mobile 
detection and analysis of samples. In such an embodiment a portable power source (not 
shown) would also be integrated into the device. 

Further, although the above discussion has been directed to the actual suspended 
nianotube resonator according to the present invention, it should be understood that the 
invention is also directed to suitable nanomechanical devices comprising the nanoresonators 
shown schematically in the above figures. 

Although specific embodiments are disclosed herem, it is expected that persons 
skilled in the art can and will design alternative nanomechanical devices and methods to 
produce the nanomechanical devices that are within the scope of the following claims either 
literally or under the Doctrine of Equivalents. 
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WHAT IS CLAIMED IS: 

1 . A tunable nanoresonator comprising: 
a support structure; 

a tuning power source for producing a tuning bias; 

an RF signal power device cony)rising at least one of an RF bias emitter and a bias 
detector; and 

at least one resonating member, wherein at least one portion of the resonating member 
is fixedly attached to the support structure and at least one portion of the member is free to 
oscillate at a resonant frequency, the resonating member in signal communication with the 
tuning power source such that a tuning bias applied to the resonating member alters the 
resonant frequency of the resonating member, the resonating member in further signal 
commimication with the signal power device such that an RF bias ^plied to the resonating 
member by the RF signal power device induces an oscillatory motion in the resonating 
member and such that oscillatory motion of the resonating member induces a voltage or 
current measurable by the RF signal power device. 

2. The tunable nanoresonator according to claim 1 wherein the substrate is made 
of a material selected from the group consisting of silicon, alumina, glass, sapphire or quartz. 

3. . The tunable nanoresonator according to claim 2 wherein the substrate fruther 
comprises a plurality of electrodes sufficient such that the resonating member is fixedly 
attached to tiie support structure through an electrode, wherein the electrodes are in signal 
conununication with the RF signal power device and wherein the resonating member is in 
signal conununication with the RF signal power device through the electrode. 

4. The tunable nanoresonator according to claim 3 wherein the electrodes are 
made of a metal selected from the group consisting of gold, platinum and titanium. 

5. The tunable nanoresonator according to claim 1 wherein the resonating 
member is fixedly attached to the support structure at two points. 
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6. The tunable nanoresonator according to claim 1 wherein the substrate further 
comprises a plurality of catalytic spots deposited thereon wherein the resonating member is 
fixedly attached to the support structure through a catalytic spot. 

7. The tunable nanoresonator according to claim 6 wherein the catalytic material 
is selected from the group consisting of Fe, Ti, Ni, Co, Mo, Ni/Co alloy, and Ni/Ti alloy, 

8. The tunable nanoresonator according to claim 1 wherein the tuning power 
source is selected from the group consisting of: a light source, a voltage source, a current 
source, and a m.agnetomotive source. 

9. The tunable nanoresonator according to claim 1 wherein the RF signal power 
device is a voltage detector. 

10. The tunable nanoresonator according to claim 1 wherein the resonating 
member has a cross-sectional dimension of about 1 to 100 nm. 

11. The tunable nanoresonator according to claim 1 comprising at least two 
support structures wherein the space between the support structures has a dimension of about 
10 to 200 nm. 

12. The tunable nanoresonator according to claim 1 wherein the device operates 
as one of an oscillator and a sensor. 

13. The tunable nanoresonator according to claim 1 wherein the nanoresonator 
comprises at least two support structures and wherein the resonating member is attached at 
either end to one of the at least two support structures. 

14. The tunable nanoresonator according to claim 1 wherein the device is an 
oscillator selected from the group consisting of: an RF filter, a signal processor, and a micro- 
gyroscope. 
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15. The tunable nanoresonator according to claim 1 wherein the device is one of 
either a force-based sensor and an RF frequency sensor. 

16. The tunable nanoresonator according to claim 1 comprising a plurality of 
resonating members of varying lengths. 

17. The tunable nanoresonator according to claim 1 wherein the resonating 
member is made of carbon. 

18. The tunable nanoresonator according to claim 1 wherein the resonating 
member is grown by self-assembly on the substrate. 

19. The tunable nanoresonator according to claim 1 wherein the resonating 
member is one of either a nanotube or a nanorod. 

20. The tunable nanoresonator according to claim 1 wherein the resonating 
member is chemically or biologically functionalized. 

21. The tunable nanoresonator according to claim 1 wherein the outer surface of 
the resonating member is treated to increase the resistance of the resonating member. 

22. The tunable nanoresonator according to claim 1, further comprising a device 
body defining an internal volume wherein the resonating member is confined within the 
internal volume. 

23. The tunable nanoresonator according to claim 22, wherein one of the substrate 
or device body is transparent. 

24. The tunable nanoresonator according to claim 22 wherein the device body is 
made of a material selected from the group consisting of silicon, alumina, glass, sapphire, and 
quartz. 
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25. The tunable nanoresonator according to claim 1 wherein the RF induced 
motion of the resonating member is proportional to the potential applied to the resonating 
member. 

26. The tunable nanoresonator according to claim 1 wherein the motion induced 
potential of the resonating member is proportional to the degree of motion of the resonating 
member. 

27. The tunable nanoresonator according to claim 1 wherein the device is disposed 
in a hquid environment. 

28. The tunable nanoresonator according to claim 1 wherein the device is disposed 
in a vacuuni environment. 

29. The tunable nanoresonator according to claim 1 wherein Ate device is disposed 
in a gaseous environment. 

30. The tunable nanoresonator according to claim 1 comprising at least two 
resonating members wherein at least one of the resonating members is operated as a sensor 
and at least one of the resonating members is operated as an oscillator. 

31. The tunable nanoresonator according to claim 1 comprising at least two 
resonating members wherein the resonating members are operated as sensors, wherein each 
sensor is designed to detect a different substance. 

32. The tunable nanoresonator according to claim 1 comprising at least two 
resonating members wherein the resonating members are operated as sensors, wherein all the 
sensors are designed to detect a single substance. 

33. The tunable nanoresonator according to claim 1 comprising at least two 
resonating members wherein the resonating members are operated as oscillators, wherein the 
oscillators are designed with different resonant frequencies. 
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34. The tunable nanoresonator according to claim 1 wherein the support structure 
defines a substrate, and wherein the substrate further comprises a depressed portion, and 
where the resonating member is formed over the depressed portion in the plane defined by 
the substrate. 

35. The tunable nanoresonator according to claim 1 wherein the support structure 
has an area of about 1 mm^ to 1 cm^. 

36. A tunable nanoresonator comprising: 
at least two support stmctures; 

a tuning power source for producing a tuning bias; 

an RF signal power device comprising at least one of an RF bias emitter and a bias 
detector; and 

at least one resonating carbon nanotube member, wherein both ends of the carbon 
nanotube member are fixedly attached to one of the at least two support structures and at least 
one portion of the member is suspended such that the portion is fi'ee to oscillate at a resonant 
firequency, the resonating member in signal conmiunication with the tuning power source 
such that a tuning bias applied to the resonating member alters the resonant fi^quency of the 
resonating member, the resonating member in further signal communication with the signal 
power device such that an RF bias applied to the resonating member by the RF signal power 
device induces an oscillatory motion in the resonating member and such that oscillatory 
motion of the resonating member induces a voltage or current measurable by the RF signal 
power device. 

37. A tunable nanoresonator comprising: 
at least two support structures; 

a tuning power source for producing a tuning bias; 
a bias detector; and 

at least two resonating carbon nanotube members, wherein both ends of the at least 
two carbon nanotube members are fixedly attached to at least one of the at least two support 
structures and at least one portion of the member is suspended such that flie portion is firee to 
oscillate at a resonant fi'equency, the resonating member in signal communication with the 
tuning power source such that a tuning bias applied to the resonating member alters the 
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resonant frequency of the resonating member, the resonating member in further signal 
conmiunication with the bias detector such that an RF bias applied to the resonating member 
induces an oscillatory motion in the resonating member and such that oscillatory motion of 
the resonating member induces a voltage or current measurable by the bias detector. 

38. A method of forming a nanoresonator comprising: 

providing a substrate including at least one support structure and a growth orienting 
structure; 

depositing at least one catalytic spot onto the growth orienting structure; 

placing the substrate into an atmosphere of resonating member feedstock at a 
specified growth temperature for a time sufficient to allow for the oriented growth of at least 
one resonating member from the catalytic spot along the growth orienting structure such that 
at least one end of the resonating member is fixedly attached to the support structure, and 
such that at least a portion of the resonating member is free to oscillate. 

39. The method according to claim 38 wherein the substrate is made of a material 
selected from the group consisting of silicon, alumina, glass or sapphire. 

40. The method according to claim 38 further comprising depositing electrodes 
onto the substrate at the catalytic spot, wherein the electrode is in signal communication with 
a power device and wherein the nanoresonator is in signal conunxmication with the power 
device through the electrodes. 

41. The method according to claim 40 wherein the electrx)des are made of a metal 
selected from the group consisting of gold, platinum and titanium. 

42. The method according to claim 40 wherein each resonating member is 
attached to multiple electrodes. 

43. The method according to claim 38 wherein the catalytic material is selected 
firom the group consisting of Fe, Ti, Ni, Co, Mo, Ni/Co alloy, and Ni/Ti alloy. 
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44. The method according to claim 40 wherein the power device is a power source 
selected from the group consisting of: a light source, an voltage source, a current source, and 
a magnetomotive source. 

45. The method according to claim 40 wherein the power device is a voltage 
detector. 

46. The method according to claim 38 wherein the resonating members have a 
cross-sectional dimension of about 1 to 100 nm. 

47. The method according to claim 38 wherein the resonating members have a 
length dimension of about 1 0 to 200 nm. 

48. The method according to claim 38 wherein a plurality of nanoresonators are 
grown and arranged on the substrate. 

49. The method according to claim 38 wherein the catalyst spots are deposited by 
one of either an electron beam or sputter deposition method. 

50. The method according to claim 38 wherein the resonating members are grown 
by self-assembly on the substrate. 

51. The method according to claim 38 wherein the resonating members are 
nanotubes. 

52. The method according to claim 38 wherein the feedstock consists at least 
partially of a carbon*based gas. 

53. The method according to claim 38 wherein the feedstock consists at least 
partially of ethylene. 

54. The method according to claim 38 wherein the growth temperature is at least 
400 ^C. 
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55. The method according to claim 38 wherein the growth temperature is between 
about 500 and 650°C. 

56. The method according to claim 38 wherein the substrate is a processed CMOS 

circuit. 

57. The method according to claim 38 wherein the resonating members are 
chemically or biologically functionalized. 

58. The method according to claim 38 wherein the outer surface of the resonating 
members are treated to increase the resistance of the resonating members. 

59. The method according to claim 38 wherein the substrate has an area of about 
0,1 mm^to 1 cm^ 

60. The method according to claim 38 wherein the growth step is conducted in a 
low pressure atmosphere of the feedstock. 

61. The method according to claim 60 wherein the pressure of the feedstock is 
about5Torr. 

62. The metfiod according to claim 38 wherein the feedstock comprises ethylene 
diluted in at least one of die gases selected from the group consisting of: nitrogen, ammonia 
and hydrogen. 

63. The method according to claim 38 wherein the substrate has at least two 
support structures, and where the growth orienting structure orients the growth of the 
resonating member such that the resonating member grows between the two support 
structures. . 

64. The method according to claim 38 wherein the growth orienting structure is 
selected from the group consisting of: a cantilever and a trench. 
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65. A method of analyzing an frequency signal comprising the steps of: 
providing at least one nanoresonator including a support structure, a tuning power 

source for producing a tuning bias, a bias detector, and at least one resonating member, 
wherein at least one portion of the resonating member is fixedly attached to the support 
structiure and at least one portion of the member is free to oscillate at a resonant frequency, 
the resonating member in signal communication with the tuning power source such that a 
tuning bias applied to the resonating member alters the resonant frequency of the resonating 
member, the resonating member in fiirther signal conununication with the bias detector such 
that oscillatory motion of the resonating member induces a voltage or cunent measurable by 
the bias detector; 

placing the nanoresonator into proximity of the frequency signal such that if the 
frequency of the frequency signal matches the resonant frequency of the resonating member 
the resonating member will imdergo oscillatory motion; and 

measuring the potential on the resonating member and communicating the potential to 

a user. 

66. The method according to claim 65 wherein the potential is proportional to the 
motion of the nanoresonator. 

67. The method according to claim 65 wherein the resonating member is a 
nanotube. 

68. The method according to claim 67 wherein the method comprises providing at 
least two resonating members having different resonant frequencies. 
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